Motion transparency provides a challenging test case for our understanding of how visual motion, and other attributes, are computed and represented in the brain. However, previous studies of visual transparency have used subjective criteria which do not confirm the existence of independent representations of the superimposed motions. We have developed measures of performance in motion transparency that require observers to extract information about two motions jointly, and therefore test the information that is simultaneously represented for each motion.
Introduction
In the everyday visual world and in a number of laboratory demonstrations, it is possible to see two motions superimposed on each other as giving an effect of transparency (for example, drops of rain running down a car window in a different direction to the background scene, or a cast shadow on a moving surface). Motion transparency provides a challenging test case for understanding how visual motion and other attributes are computed and represented in the visual areas of the brain. In particular, motion transparency provides a considerable challenge to those theories of visual motion that set as their goal the computation of a velocity field--the assignment of the correct velocity vector to each location in the visual array (e.g. Hildreth, 1984; Yuille & Grzywacz, 1988) . Taken at face value, motion transparency implies that perceived velocity can be two-valued at a single location in the visual field.
It is believed that motion perception is mediated in the brain by the activity within an array of directionselective neurons. Since there are neurons with many different preferred directions serving any location in the visual field, there is no difficulty in neurally representing a multi-valued velocity field. However, the question of transparency bears directly on a general and important Vision Research 42 (2002) [1237] [1238] [1239] [1240] [1241] [1242] [1243] [1244] [1245] [1246] [1247] [1248] www.elsevier.com/locate/visres problem on the nature of neural representations, namely, how does the array of activity across many neurons relate to the value of the perceived sensory attribute? Current computational and neurobiological models (e.g. Qian, Anderson, & Adelson, 1994b; Wilson & Kim, 1994) depend on multiple stages for visual motion analysis, raising the question of whether the perception of transparency and other motion configurations depends only on the activity distribution at some 'output' level, or whether differences in the activity at earlier stages may also be reflected in perception.
The phenomenon of motion transparency has often been described, but the criteria for the occurrence of transparency have rarely been at all rigorously defined. Some studies have required observers to judge stimuli as transparent vs coherent (e.g. McOwan & Johnston, 1996; Qian, Anderson, & Adelson, 1994a) , leaving much scope for individual perceptual criteria. Others have required a psychophysical judgment about only one of two transparent motions (e.g. Hiris & Blake, 1996; Kim & Wilson, 1996; Marshak & Sekuler, 1979) . Such judgments imply that one motion has been successfully segmented. Segmentation is a necessary part of establishing transparency, but is not sufficient. Segmentation could lead to explicit representation of only one of the motions, with the second treated as an unanalysed background. True transparency implies that representations of both motions are simultaneously available.
Directional performance related to transparency
If information about two motions is simultaneously represented by the visual system, then it should be possible for an observer viewing a display of two superimposed moving dot patterns to make a judgment that depends on both the motions jointly. We have tested observers' ability to make such a judgment of relative direction, that depends jointly on both motions presented in a random-dot kinematogram (RDK). Mulligan (1992) and De Bruyn and Orban (1993) have previously offered some evidence that observers can make judgments that depend on simultaneous processing of multiple motion streams. Mulligan required observers to make discriminations of the number of transparent motions contained in a display. The ability to discriminate two from three superimposed motions, demonstrated by Mulligan's subjects, suggests that at least two motions are explicitly represented simultaneously. However, it is not easy to take this method further in analysing the effects of independent variables on transparency. De Bruyn and Orban presented observers with transparent motion displays constructed from superimposed patterns of optic flow (e.g. radial and rotational motions) and demonstrated that observers could identify either motion pattern after stimulus presentation. However, the use of these global flow patterns makes it hard to investigate the basic properties of how directional motions are represented.
Our experiments aim to establish a method for the investigation of motion transparency which depends on subjects' ability to extract directional information from each of two superimposed translational motions. In Experiment 1, subjects judged whether the angle between the motions was greater or less than 90°. Because the base angle (bisector of the two directions) was randomized around the 360°range, the direction of either dot stream alone provides no information for this discrimination. Successful performance must therefore depend on joint processing of the two separate directions. In evaluating 'successful performance', it is necessary to know the precision 3 of judgments of a single direction of motion in comparable display conditions. It is also necessary to know how effectively two directions can be processed when they are spatially segregated, and so do not have to be extracted by the visual system from a transparent region. Conditions in Experiments 1A and 1B, respectively, were designed to provide data for these two kinds of comparison with the case of transparency.
If true transparency is present, then it follows that directional information should be available from both motion streams. In the discussion, we shall consider the converse question: how far does the ability to use this information demonstrate the occurrence of transparency, independently of the observer's subjective reports?
Given a measure of performance related to transparency, it becomes possible to investigate the stimulus conditions which may affect the occurrence of motion transparency. In Experiment 2 we extended our method to dot streams separated by angles other than 90°. In Experiments 3 and 4 we examined the effects of dot speed and dot density on judgments of transparent stimuli. Such data are necessary if we are to understand the limits on the visual system's ability to parse a distribution of activity across directional detectors into two transparent motions.
Experiment 1A: orthogonal angle judgments

Methods
In each condition the observer's task was to make a forced-choice judgment of whether an angle in the dis-play was greater or less than 90°. In Experiment 1A, the angle to be judged could be one of three kinds: motion vs motion: the angle between two superimposed streams of moving dots; motion vs line: the angle between a motion stream and a straight line superimposed across it--this assessed the precision of judgments of a single motion direction under the conditions of these experiments; line vs line: the angle between two straight lines--this was included to assess the contribution of line orientation judgments to the precision in the motion vs line condition.
We did not wish to measure judgments that were based on observers monitoring the extended trajectory of a single dot in a stream. To control for this, we compared two dot lifetime conditions:
continuous: each dot was randomly plotted on the initial frame and then displaced continuously during the lifetime of the display; limited: all dots were randomly replotted on every 10th frame.
Stimuli were presented in blocks of 100 trials of the same condition (e.g. motion vs line, limited lifetime). The angle for each trial was chosen by adaptive probit estimation (APE), a method that dynamically updates the set of stimuli being presented depending on the observer's previous responses (Watt & Andrews, 1981) .
The stimulus values are selected to optimize the estimation of the 'point of subjective equality' (PSE), in our case the direction difference perceived as 90°, and the standard deviation (S.D.) of the probit curve, which provides our measure of the precision of the judgment. The angle between the dot motions and/or lines was determined by APE but the absolute direction of the bisector of this angle was randomized on each trial. 4 Four blocks of trials were presented for the motion vs motion conditions and two blocks were presented for the motion vs line conditions and line vs line condition.
Observers
Four observers participated in the experiment. All observers had previous experience in psychophysical experiments. Two of the observers were the authors and the two others were naive to the specific purpose of the experiment. All observers had normal or corrected to normal vision.
Stimuli
Stimuli consisted of two streams each of approximately 245 randomly positioned dots, moving coherently in different directions (motion vs motion), or of one stream of 245 dots and a stationary line (motion vs line), or of two stationary lines (line vs line). The lines extended the complete radius of the screen on one side of centre, and half the radius on the other sides, so that a unique line setting (pointing towards the boundary) corresponded to each direction around 360°. Stimuli were presented within a circular aperture of diameter 7.83°. Dots and lines were plotted to 16-bit precision on an X -Y CRT display (P31 green phosphor) under the control of a high-performance vector point plotter (Cambridge Research Systems D300) connected to a PC. The display was presented in a dimly lit room. Dot and static line luminance was 8 cd/m 2 ; background luminance was 0.01 cd/m 2 , giving a stimulus contrast of 0.99. Observers viewed the display binocularly from a distance of 0.6 m, resulting in a dot density of 5 dots/deg 2 per dot stream. The effective frame rate 5 was 100 Hz, with each trial display lasting 40 frames (400 ms). Dot displacements were calculated to correspond to a dot speed of 5 deg/s. In the limited-lifetime condition, each dot was plotted randomly on the first, 10th, 20th and 30th frames and displaced to new positions during each of the intervening frames (i.e. a dot lifetime of 10 frames or 100 ms).
Procedure
After 2-5 practice blocks on the motion vs motion conditions, the experiment proper began. The 14 blocks (4 motion vs motion, 2 motion vs line and 1 line vs line, each with continuous and limited-lifetime dots) were presented in random order to each observer. Each 100-trial block lasted 10-12 minutes and the data collection took place over several days. A warning tone preceded each trial and during presentation observers were told to fixate a bright stationary fixation dot in the centre of the screen, which remained visible throughout the stimulus presentation. The observer pressed buttons to indicate perceived angles greater or less than 90°. If observers felt unable to make a judgment a third button allowed them to repeat the trial, although this was discouraged and rarely used. At the end of a block the computer calculated the mean and S.D. of the fitted probit. If the data failed a goodness-of-fit test (chi-square) between the expected and observed distributions of data points the block was repeated. Fig. 1 shows the group averages for the S.D. and the mean (subjective 90°) obtained from the probit analyses. All four observers responded in a similar manner, as reflected by the small error bars which represent AE1 standard error (S.E.) between observers. Differences between the continuous and limited-lifetime conditions were small and inconsistent, so only the limited-lifetime data will be considered in further discussions.
Results
The means of the probit analyses for the line vs line condition and motion vs line condition were close to 90°, indicating that observers have a veridical sense of a right angle across the randomized base angles in the experiment. However, in the motion vs motion condition, the probit mean, i.e. apparent 90°difference, was around 77°. Thus the angle between transparent motion directions appears greater than its true value, an effect which has been described as a 'repulsion' between the directions of superimposed motions (Dakin & Mareschal, 2000; Hiris & Blake, 1996; Kim & Wilson, 1996; Marshak & Sekuler, 1979) . We have reported repulsion effects from these and other data elsewhere (Wishart & Braddick, 1998) . Significant repulsion for directions about 90°apart, as we find, has been reported in some studies (e.g. Dakin & Mareschal, 2000) but not others (e.g. Hiris & Blake, 1996; Marshak & Sekuler, 1979) ; the difference may reflect the limitations of the procedure in the latter cases, which tested only for fixed directions.
The main purpose of the experiment, however, was to assess the precision of directional judgments as indicated by the probit S.D. The motion vs line condition gives a precision around 6°; the 2°S.D. in line vs line implies that uncertainty in judgment of line orientation contributes little to this figure (see Section 3.6). The 13°v alue in the motion vs motion condition indicates that the precision of directional information is poorer in the case of transparent motions. However, it also shows that a true, quantitative sense of direction can be derived from each of the motion streams in a transparent display.
3. Experiment 1B: why are two motions judged less accurately than one?
Why is directional information apparently degraded in the transparent display? There are two possible sources for this degradation: (i) interactions in the course of processing of superimposed dot streams, in particular local interactions between dots from the two streams; (ii) penalties imposed by the need to extract and represent two global motion directions at the same time. The conditions of Experiment 1B were designed to test separately for these two possible kinds of effect.
Methods
The mean and precision of a judgment of 90°direc-tional difference was determined by the same adaptive probit method as in Experiment 1A. This judgment was tested in three new conditions:
Bipartite segregated motions: two dot streams with different directions of motion were plotted in the two halves of the circular display, with the orientation of the dividing line randomized from trial to trial and unrelated to the motion directions. This and the following condition were intended to test the precision of directional judgments when there was no interference due to spatial superposition of the two streams, but any penalty from representing two motions regardless of location would still arise.
Annular segregated motions: two dot streams with different directions were plotted, one in the central circular region of the display (3°diameter) and the other in the surrounding annulus. This was included as well as the bipartite condition because it was not evident which spatial configuration (bipartite, in which both motions are equidistant from the fixation point, or annular, in which both motions are centred in the centre of the display) was more appropriate for comparison with the co-extensive, centered motions of the transparent display.
Motion vs both line and motion. This was equivalent to the motion vs motion condition with a line superimposed parallel to one of the motion directions (the 'background' motion). The observer's task is to judge whether the other motion direction is at 90°to the line. Thus one motion stream has to be segmented from the other, and any interactions between nearby dots from the two streams may affect its directional representation, but representation of the 'background' motion stream is not required as a basis for the judgment.
Observers
To allow direct comparison of the data with Experiment 1A, the same four observers took part.
Stimuli
The stimulus parameters were the same as in Experiment 1A. However because we kept the dot density per stream constant (5 dots/deg 2 ), the overall number of dots in the display for the segregated conditions was half that in the motion vs motion condition. The limitedlifetime condition was slightly modified from Experiment 1A in this and subsequent experiments; individual dot lifetimes were still 10 frames (100 ms) but began and ended asynchronously, to reduce the probability that a cluster of dots would appear or disappear together. The 40 frames that constituted the stimulus were treated as if they were a sample from a longer sequence; therefore some dots could end their lifetimes in the first frames of the sequence.
Procedure
After several practice blocks on each condition the experiment proper began. There were 12 blocks to complete in total (3 conditions Â 2 lifetime conditions Â 2 presentations) which were presented in random order. All other aspects of the procedure were the same as in Experiment 1A.
Results
Fig . 2 shows the group averages for the S.D.s and means of the probit analyses for the different conditions. As in Experiment 1A, there are no consistent differences between limited-and continuous-lifetime dots, and the introduction of asynchronous limited lifetimes therefore does not appear to have affected the results.
The probit means show that the repulsion effect in the annular condition was almost as strong (82°between motion directions perceived as being 90°) as in the transparent case in Experiment 1A. A repulsion effect (of comparable magnitude for directions separated by around 90°) has also been reported for moving gratings in an annular arrangement (Kim & Wilson, 1997) . No repulsion effect was visible in our data from the bipartite display. In the motion vs both condition, the repulsion effect (85°angle perceived as 90°) was less than half as great as in Experiment 1A.
The precision of directional judgments, measured in terms of the probit S.D., was greatest in the motion vs both condition. Results in the two spatially segregated conditions were similar to each other. Fig. 2 also shows data from Experiment 1A for direct comparison. Joint directional judgments for two transparent motion streams (motion vs motion) can be made with comparable precision to those for two spatially segregated motions, whether in an annular or a bipartite arrangement. The precision of these joint direction judgments is, however, 2-3 times poorer than that for a single motion stream. Comparing the motion vs both condition with motion vs line, it can be seen that precision in directional judgment for a single stream is reduced only by a factor of about 1.5 when a second stream is superimposed.
Discussion
We have shown that human observers can make precise directional judgments that depend on both motion streams in a motion transparency display when directions are 90°apart. The precision of this judgment is comparable with the precision of judging spatially segregated motions. The idea that transparency involves the equivalent representation of two global motions in the same region is therefore supported by this performance-based measure.
Although observers could make judgments with a precision of around 13°in the presence of transparency, this precision is somewhat reduced compared to the judgment of a single motion relative to a line (around 5°). In evaluating this comparison, we must take into account the contributions of errors from the directional representation of each component. The simplest assumption is that these errors are independent. If so, then given a S.D. of 2°in the line vs line condition, the S.D. associated with orientation of a single line is 2= ffiffi ffi 2 p , or 1.4°. Similarly, the S.D. for judging one motion stream versus a line, found to be 6°, should be equal to ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ð2 þ m 2 Þ p , where m is the S.D. associated with the single motion stream. This gives m ¼ 5:8°and the predicted S.D. for judging two motions is therefore m ffiffi ffi 2 p , or 8.2°. The actual S.D. in either transparency or segregated conditions is about 60% greater than this value. Thus there is a penalty associated with both these situations which does not simply result from the combination of independent errors. However, only a small increase in error of judging a single direction results from the superimposition of the second dot stream (6°increased to 8°in the 'motion vs both' display). We conclude that local interactions between the dot streams are not responsible for the penalty observed for transparency, which appears rather to be associated with the need to compute and compare two global representations of motion, whether or not these are spatially co-localized.
Our subjects in this experiment made a single judgment which was subjectively of the unitary property of 'orthogonality'. However we cannot exclude the possibility that the penalty is associated with accessing serially the separate representations of the two directions.
We have shown that a measure of simultaneous directional discrimination can demonstrate that the perception of motion in transparency is genuinely multivalued. In Experiment 2, we use this approach to test the range of non-orthogonal directions over which transparent motions are separately represented in the visual system.
Experiment 2: transparency of non-orthogonal motions
Experiment 1 relied on observers' ability to compare the angle between motion directions with some implicit internal standard of a right angle. In Experiment 2 we wished to test a range of angles between 0°and 180°, where an internal standard could not be relied on. We therefore used a matching technique for angle judgments: observers could adjust two lines to match the transparent motion directions they perceived in the stimuli. Like the 90°judgment in Experiment 1, this judgment requires the observer to access the representation of direction for each of the transparent motions, and so provides a measure of the dual representation associated with transparency.
Methods
Observers
Three observers participated in the experiment. All observers had previous experience in psychophysical experiments. One of the observers was one of the authors and the two others were naive to the purpose of the experiment. All observers had normal or correctedto-normal vision.
Stimuli
The stimuli were identical to those used in Experiment 1 but with the following differences. Because two judgments had to be made after each presentation rather than one, the duration of the stimuli was extended to 1 s (100 frames). As there was no difference in Experiment 1 between the continuous and limited dot lifetimes all dots had a limited lifetime of 10 frames or 0.1 s.
Design
The stimuli were assigned to three sets. In set 1 transparent motions with direction differences of 5.625°, 45°, 90°and 180°were presented in a random order. In set 2 transparent motions 11.25°, 22.5°, 67.5°and 135°a part were presented. In the third set transparent motions differing by 112.5°, 157.5°, 169°and 174°were presented to observers. After each stimulus presentation the task of the observer was to adjust two radial lines to match the directions of motion in the transparency display. In each set, each angle was presented 20 times and each set was completed four times.
Procedure
After a practice block each observer was presented with each set four times in a random order. Each stimulus would appear for 1 s, followed by two radial lines that appeared at random orientations. The observer adjusted the orientation of each line by rotating a knob that was interfaced to the host PC, and pressed a button when he was happy with the setting. If the observer wished, he could see the stimulus again by pressing another button, although this was discouraged. One block of 20 trials per angle took around 10 minutes. 12 blocks were collected in total. Fig. 3 (a-c) shows the group mean data for the three observers. Performance was derived from the angle between the settings of the two lines on each trial; the S.D. of these angles for an observer is the measure plotted as the solid line in Fig. 3a. Fig. 3b plots the observers' perceived angular separation of the transparent mo-tions, and Fig. 3c replots these data as the magnitude of motion repulsion. Each observer showed a similar pattern of performance. Precision was highest (i.e. lowest S.D.s) when the separation of the stimulus motions was within 20°of 0°or 180°, although the variation between observers is highest in this range (except for 5°). For motions in the range 20-160°, observers showed a consistent level of precision between 12°and 15°.
Results
The precision of judgment for motions at 90°m easured by this matching technique agrees well with that from the forced-choice method of Experiment 1 (S.D.s ¼ 11.4°and 12.9°, respectively). Apart from the case of angles close to 0°and 180°, discussed below, observers showed the best performance for this case of transparent motions 90°apart.
As in Experiment 1, the data presented are combined across the full range of absolute directions for a given directional difference. However, there may be meridional variations in direction discrimination (e.g. Gros, Blake, & Hiris, 1998) . Although these should not systematically bias the form of the functions plotted in Fig.  3 , they could increase the S.D. over that obtained at a constant direction. Since this experiment did not employ an adaptive method, we can examine the data for 45°b ands of absolute direction, albeit with a relatively small number (typically 5-15) trials for each band at a given directional difference. Such examination for the case of 90°difference showed no systematic difference between the oblique vs cardinal axes, suggesting that in this case at least meridional differences have not greatly contributed to the S.D. plotted in Fig. 3a. 
Discussion
Although observers judged angles close to 0°with low S.D.s, this does not appear to reflect high-precision judgments based on the separation of two transparent motions. In fact, observers reported that they did not often perceive clear transparency in these conditions. Rather, they tended to perceive an overall global motion, and set both the lines close to the perceived direction of this global flow, effectively reporting an angular separation close to zero. This is corroborated by several aspects of their performance:
(i) Figs. 3b and c plot the results as perceived angular separation and motion repulsion. For small angles a negative repulsion is observed; in particular, for the 5.7°s eparation, the 'negative repulsion' is approximately equal to the angle, indicating that the observers set the two lines as superimposed. A low S.D. in these settings does not necessarily reflect precision in the perception of small angles.
(ii) Fig. 3a includes, as well as observers' S.D. in the judged angle, the S.D. of the settings of the individual lines (since the display was randomly rotated from trial to trial, the quantity plotted is the S.D. of the angle between an individual line setting and the closer of the two test directions). For most of the range, this measure of precision of line settings is similar to that for the judged angle between directions, or shows higher precision (lower S.D.). However, for angles below 22.5°, the S.D. of the angle settings decreases to much smaller values than the S.D. of the individual line settings. In other words, subjects may reliably set a 'perceived angle' (such as zero in the case of a perceived unitary global flow) but the precision with which the two individual directions of motion are extracted is much less than this. Thus the angle cannot be derived from the individual perceived directions.
We conclude that performance for small angles does not show the characteristics of transparency, in the sense that distinct directions are computed for two global motions, with the angle settings reflecting the relationship between them. The separate representation of the two directions only securely occurs when component motions are separated by more than 25°. The large individual variation at 22.5°suggests that at this separation, some subjects may be using a representation of transparency while others are not.
In an arrangement of superimposed gratings, transparency is only seen at much larger directional differences of 80°or more, depending on conditions (Kim & Wilson, 1993) . However, such displays have a different alternative to transparency (coherent motion of a plaid pattern) and models of the directional representation of such displays include a non-Fourier component moving in the pattern direction (Wilson & Kim, 1994) which is not present in the same form in transparent RDKs. Thus the determinants of transparency in the two situations will not simply depend on the common property of two summed directional components, and it is not surprising that transparency disappears at very different values in each case. On the other hand there are reports of transparency in random-dot displays at separations well under 20°(e.g. Hiris & Blake, 1996; Marshak & Sekuler, 1979) ; the difference from our results may reflect the greater ease of segregating dots with continuous trajectories rather than limited lifetimes.
When the motions are separated by 180°, they are certainly seen as transparent. However, performance shows some analogy to the small angle case: again the precision of angle judgment is much higher than for the rest of the range, but the variability of the individual line settings is higher than that for the angle setting. This is consistent with a strategy in which, if the motion axes are categorized as parallel, the two lines are set as one continuous straight line without an attempt to align them separately with the two motions. The motions are seen as transparent, since they are opposed, but the precision of the setting does not specifically reflect this transparency. The variability in the results between individuals for 174°may reflect these conditions being treated as parallel on some occasions.
Experiment 3: effect of speed
Experiment 1 tested a performance-based indicator that demonstrated the availability of quantitative representations of motion direction from two spatially superimposed motions. With this tool, we can investigate how this dual representation, associated with motion transparency, is affected by a range of stimulus variables.
The visual system is capable of accurate discriminations of speed (e.g. McKee, 1981; McKee, Silverman, & Nakayama, 1986) , and speed judgments can be made within a transparent display (Bravo & Watamaniuk, 1995; Mulligan, 1996) . However, how the visual system encodes speed, and in particular the relation between speed and direction encoding, remains poorly understood. In Experiment 3 we examined whether variations in the speed of one or both streams affected the ability to extract directional information from a transparent display. Since speed differences can produce a perception of transparency for two dot streams moving in the same direction, they might enhance the representation of transparency for streams moving in different directions.
Methods and procedure
The basic method, measuring mean and S.D. of a probit function for the judgment of a 90°angle between superimposed dot streams, was identical to that of Experiment 1A. Stimuli were similar to those in Experiment 1A, apart from variation in dot speed and the use of asynchronous dot lifetimes of 100 ms throughout.
Four speed combinations were tested: both streams moving at 1deg/s; both at 5 deg/s; both at 10 deg/s; and a mixed condition with a 1 deg/s and a 10 deg/s stream superimposed. Four blocks of 100 trials each were presented for each condition, in random order.
In addition, for comparison, judgments were made of a single motion stream in the motion vs line configuration, for each of the three speeds used. Two blocks were tested for each speed, in random order.
Observers
Three observers participated. All had previous experience in psychophysical experiments; two including one of the authors had participated in the previous experiment. All had normal or corrected-to-normal vision. Results in this mixed condition are comparable with those for two streams of 1 deg/s, i.e. the speed yielding the lower performance. Fig. 4b shows the mean data from the probit analyses, which indicate that the degree of direction repulsion between the two streams decreases with increasing speed.
Results
Discussion
Over the range of speeds tested, precision of direction judgments in the motion vs line display improved (approximately linear decline in S.D. as a function of log speed). This is a similar pattern to the results of De Bruyn and Orban (1988) , who tested discrimination of direction from a fixed horizontal standard. The motion vs motion condition showed a similar trend, with S.D. 2-2.5 times higher than that for a single motion at each speed. Over this speed range, therefore, it appears that the representation of transparent motions is effective, with little or no variation in the penalty found in Experiment 1 for the simultaneous judgment of two global motions.
The S.D. values for motion vs line at 1 and 10 deg/s can be used to generate a prediction of motion vs motion performance at each of these speeds and in the mixed case, along the lines of the calculation described in the discussion of Experiment 1. For the two uniformspeed cases, this calculation shows a penalty of about 39% in the motion vs motion judgment. Applying this factor to the prediction of the mixed case yields an S.D. of 13.4°. However, the actual result of 18°is markedly poorer than this, and close to the value for 1 deg/s. Performance with mixed speeds appears therefore to be limited by the stream which would yield poorer performance taken alone. There was no evidence that the speed difference enhanced the separation of transparent motions, although it is likely from Experiments 1 and 2 that directional performance in this experiment is at a ceiling for dual global representations and is not limited by transparency effects.
The strength of direction repulsion decreased with increasing speed. We are not aware of any model of repulsion effects which would predict this phenomenon. It could be explained if the direction tuning of motionsensitive channels became sharper with speed, reducing the effective directional range of the interactions which underlie the repulsion effect.
The bar in Fig. 4b shows that in the mixed-speed condition, the level of repulsion is not comparable with the 1 vs 1 deg/s case, as might be expected from the performance data. Instead the degree of repulsion is intermediate between those for the two speeds tested.
Experiment 4: effect of density
Increasing the density of a dot stream increases the amount of motion information available to the observer from that stream, provided that there is some independence between the signals from different dots and that they are not so dense that the dots merge. On the other hand, in a transparent display, increasing density decreases the average separation between dots of the two streams. If local interactions between dots in two streams interfere with the independent representation of their velocities, then increasing density might diminish effective transparency. From the results of Experiment 1B, we have argued against the idea that local interactions between dots from the two streams act to degrade the directional information from each stream. We have tested this issue further by examining whether the extraction of directional information from transparent motions is affected by increasing dot density.
Methods and procedure
The basic method, measuring the mean and S.D. of a probit function for the judgment of a 90°angle between superimposed dot streams, was identical to that of Experiments 1A and 3. Stimuli were similar to those in Experiment 3, except that dot speed was constant at 5 deg/s, and the density of each stream could be 0.1, 1.3, 6.3, 12.7 or 19 dots/deg 2 . (The last value was the maximum that could be generated while maintaining the other stimulus parameters.) Two blocks of 100 trials each were presented for each density condition, in random order.
In addition, for comparison, judgments were made of a single motion stream in the motion vs line configuration, for each of the densities used. Two blocks were tested for each speed, in random order. 
Observers
Two observers participated. Both had participated in earlier experiments in the series; one was one of the authors. Fig. 5a shows that observers' performance remained constant across the range of dot densities. Fig. 5b presents the means of the fitted probits, which show a decline in the repulsion effect between the two streams with increasing density up to 6 dots/deg 2 . Repulsion magnitude for the highest dot density is approximately half that of the lowest dot density tested.
Results
Discussion
The results of Experiment 4 show that varying dot density had no effect on observers' performance in the orthogonal judgment task. Over the range we have explored, local interactions between the two dot streams do not appear to degrade directional performance associated with transparency. Qian et al. (1994a) report that transparency is abolished when limited-lifetime dots from both streams are locally paired within a separation of about 0.25°, and we have confirmed that this manipulation abolishes dual directional representations by the measure we have introduced in the present paper (Braddick & Qian, 2000; Wishart & Braddick, 1997) . At some point, we would expect that further increases in dot density would bring a significant proportion of dots within this range of dots from the other stream and therefore begin to disrupt transparency.
Although the interaction between streams measured by the precision of directional judgments remained constant with dot density, it is interesting to note that increasing dot density reduced the repulsion interaction that is measured by directional bias (Fig. 5b) . (Dakin & Mareschal (2000) found strong effects of relative density on repulsion; a remark in their paper suggests that they found no change with absolute density between 10 and 40 dots/deg 2 , which is consistent with our results.) The decrease in repulsion over increasing (low) densities can be considered as a parallel to the effect of increasing speed (Experiment 3); in both cases an increase in the 'strength' of the motion signal (in some sense) reduced the repulsion effect. This relationship between dot density and repulsion effects is the opposite to what one might expect if direction repulsion were driven by local interactions between individual dot motions. It leads us to conclude that repulsion effects act, at least in part, at a global-motion level.
Concluding discussion
The results of Experiment 1 indicate that the precision of directional judgments of transparent stimuli is comparable with those for segregated (non-transparent) stimuli. The idea that transparency involves the equivalent representation of two global motions in the same region is therefore supported by this performance-based measure. The precision of this joint-direction judgment is, however, 2-3 times poorer than that for a single motion stream. The precision in directional judgment for a single stream is reduced only by a factor of about 1.5 when a second stream is superimposed. The major effect in performance, therefore, appears to be associated with the need to compute and compare two global representations of motion, rather than with interference between the dot streams per se. Experiment 2 showed that this level of performance is maintained over a wide range of direction combinations in the transparency display. Although we measured apparently precise judgments for very small angular separations, we have argued that these judgments do not reflect independent representations of the two directions and that true transparency only occurs for directional separations of over 20°.
Experiment 2 also showed that the highest level of performance for transparent motions was for orthogonal directions.
Experiments 3 and 4 showed that the performancebased measure of transparency was not affected by changes in dot speed and density over a wide range. While we found no effect of speed or density on the precision of observers' judgments, increasing speed and density both decreased the effect of motion repulsion, suggesting that this effect depends on interactions between global rather than local interactions. 
Does performance demonstrate transparency?
We have presented evidence that, in displays of superimposed moving dot streams, a quantitative representation of both motions is simultaneously available for directional judgments. However, dual representations do not necessarily prove the occurrence of transparency, since they are also available in conditions where there is no perceived transparency, e.g. the bipartite field and annular display of Experiment 1B. Given this, can directional judgments serve as a performance-based measure of transparency, independent of subjective report?
We did not ask for explicit, trial by trial, judgments of subjective transparency. However, in the conditions of Experiments 1A, 3 and 4, where they were presented with two dot streams within the same aperture whose directions differed by about 90°, subjects reported that they saw the motions transparently superimposed and this was the basis of their judgments. In our experiments on locally paired motions (Braddick & Qian, 2000; Wishart & Braddick, 1997) we found the precision of joint directional judgments to collapse under the conditions of close pairing which Qian et al. (1994a) found to destroy subjective transparency.
Transparency is a subjective phenomenon, but the perception of transparency--'two motions in the same region'--must be associated with certain conditions in the underlying brain representation of motion, as well as the subjective report. In summary, these are: The representations assign the motion to the global region of the display, rather than to individual dots or clusters of dots (it is possible to imagine a motion signal which was derived from the global averaging of scattered dots of clusters, but which remained localized to the positions of those dots/ clusters).
(A), (B), (C) and (D) together would, we believe, capture all the informational attributes of subjective transparency.
Our experiments have concentrated on demonstrating (A). (B) is a property of the stimulus, present in all our experiments except the bipartite and annular conditions of Experiment 1B.
(C) is strongly indicated. The use of limited-lifetime dots means that information from any one location could only be integrated over 100 ms, so that any use of information from a longer part of the display interval necessarily required spatial integration. Admittedly we have not excluded that our subjects' judgments were based on local information in both time and space. However, there are strong reasons to believe that directional judgments in RDKs have a global basis: the performance seen in accurate directional judgments from dot patterns containing wide distributions of direction (Watamaniuk, Sekuler, & Williams, 1989; Williams & Sekuler, 1984) , and the large integration areas and times for motion coherence thresholds (Downing & Movshon, 1989) , support this view. We have also presented arguments in discussion of Experiments 1B, 3 and 4 that the interactions seen in these displays imply global-level representations. Both lines of evidence support the idea that our subjects use global rather than local information to make the judgments required in our experiments. The global nature of the interactions suggests that transparency is represented at a secondary stage in visual motion analysis, but not at the most local level of analysis, consistent with the abolition of transparency when dots are paired and travel over a small spatial extent (Braddick & Qian, 2000; Qian et al., 1994a,b; Wishart & Braddick, 1997) .
We have not demonstrated (D), nor to our knowledge has any other study. It is an interesting challenge to consider what psychophysical measure of motion processing might establish whether the spatial scope of a representation was the global region of the field that supported it, rather that a set of local points within that region. Until this is done, it must remain open whether the experience of transparency is in fact based on representations that have all the properties (A)-(D). However, we would argue that we have established a performance measure that captures the other informational correlates of transparency, and can serve as a probe for the presence of such correlates in the case of motions with the same spatial region.
In summary, the evidence points to transparency as being based on global representations of motion, and to joint directional discrimination as a performance based on these global representations, which can help to establish the conditions under which they are established.
